Formation of the phagophore during macroautophagy is referred to as a de novo process to distinguish it from the formation of vesicles throughout the secretory pathway. The critical point is that the phagophore expands to sequester various-sized cargo. The tremendous flexibility of the sequestration process means that almost any subcellular component can be a target for macroautophagy. In general, as with all types of selective macroautophagy, the cell utilizes the core machinery and adds on minimal components to target particular cargos. Aside from the cargos mentioned above, other examples include glycogen particles (glycophagy), lipid droplets (lipophagy), midbodies formed during cytokinesis (midbophagy), and zymogen granules (zymophagy), which are all targeted for degradation by macroautophagy. This process is not limited to mammals, as seen with aggrephagy in C. elegans, which reflects another developmental role for autophagy.
X E N O P H A G Y
There are various types of autophagy, which can be categorized as nonselective or selective. Macroautophagy is an evolutionarily conserved process through which cells degrade and recycle cytoplasm. Nonselective macroautophagy randomly engulfs a portion of the cytoplasm into autophagosomes and then delivers them to the vacuole (in fungi or plants) or the lysosome (in other higher eukaryotes) for degradation. Selective macroautophagy, however, specifically recognizes and degrades a particular cargo, either a protein complex, an organelle, or an invading microbe. The morphological hallmark of macroautophagy is the formation of an initial sequestering compartment, the phagophore, which expands into the double-membrane autophagosome; the initial sequestration occurs in a compartment that is separate from the degradative organelle. Selective microautophagy utilizes the same cellular machinery, but in this case, the sequestration event takes place directly at the limiting membrane of the lysosome/vacuole. In higher eukaryotes, selective types of autophagy also include chaperone-mediated autophagy (CMA), and two similar processes, endosomal microautophagy (e-MI) and chaperoneassisted selective autophagy (CASA), each of which involves uptake at the limiting membrane of either the lysosome or endosome. In all cases, how a substrate is targeted for sequestration and segregated from other parts of the cell is one of the major questions in this research field. Nonselective autophagy is primarily a starvation response, whereas cells use selective autophagy for a variety of purposes, including remodeling to adapt to changing environmental/nutritional conditions and to eliminate damaged organelles. Accordingly, defects in selective autophagy are associated with a range of pathophysiologies in humans, including certain types of neurodegenerative diseases.
General Model
Selective macroautophagy utilizes the same core machinery used for nonselective macroautophagy. A small number of additional proteins suffice to make the process selective; a cargo-ligand-receptor-scaffold model is proposed to describe how cells achieve selectivity (see table) . The ligand is the recognition component on the cargo that binds a receptor. In some cases, the receptor is a resident protein on the cargo (e.g., Atg32 or BNIP3L/NIX, which are located in the mitochondria outer membrane, in mitophagy). The interaction between the receptor and scaffold is vital for cargo recruitment to the phapophore assembly site (PAS), where an autophagosome forms. In yeast, Atg11 is the most commonly used scaffold protein, mediating several types of selective macroautophagy, including the cytoplasm-to-vacuole targeting (Cvt) pathway, mitophagy, pexophagy, and reticulophagy; however, in mammals a functional counterpart of Atg11 is yet to be discovered. In many cases, the receptor proteins subsequently bind Atg8, in yeast, or, in mammalian cells, one of the LC3 family proteins through a particular sequence referred to as AIM (Atg8-family-interacting motif) or LIR (LC3-interacting region). This interaction may connect the cargo directly with the macroautophagy machinery. Some aspects of this model can also be applied to CMA. In this case, the cargo is comprised of individual cytosolic proteins, which contain a consensus pentapeptide motif functioning as the ligand. The cytosolic chaperone HSPA8/HSC70 recognizes this sequence and delivers the substrate to LAMP2A in the lysosomal membrane, which serves as the receptor, and also acts as a translocation channel to move the unfolded substrate protein into the lumen of the lysosome.
Macroautophagy

The Cvt Pathway
The yeast Cvt pathway is the first characterized example of a biosynthetic process that utilizes the macroautophagy machinery. It is a transport route through which vacuolar resident enzymes are targeted from the cytosol to the vacuole, their final site of action. Enzymes that utilize the Cvt pathway include Ape1, Ape4, and Ams1. Atg19 is the primary receptor for these cargos, binding each through a different domain. The interaction of Atg11 with Atg19 mediates the transport of prApe1 oligomers in the form of a large complex to the PAS. Atg19 also interacts with Atg8 via a C-terminal WXXL motif that functions as an AIM to connect the cargo with the sequestration machinery. Mitophagy Selective degradation of surplus or dysfunctional organelles by autophagy has been observed both in yeast and mammals. Mitophagy, selective removal of mitochondria by autophagy (which can occur by either macro-or microautophagy), is one of the most studied types of "organelle autophagy" in part due to the connection between dysfunction of this process and certain diseases. In yeast, mitophagy is associated with the cellular remodeling that occurs upon the transition to a preferred carbon source. For example, when yeast cells are shifted from respiratory substrates such as lactate to glucose, excess mitochondria are degraded. The mitochondria outer membrane protein Atg32 functions as the receptor for mitophagy by interacting sequentially with Atg11 and Atg8. These interactions are critical for mitochondria delivery to, and subsequent degradation within, the vacuole.
In mammals, the functional counterpart of Atg32 is yet to be determined. Both BNIP3L and SQSTM1/p62 have been implied to function as receptors to link mitochondria with the autophagy machinery, depending on the cell type. During erythrocyte maturation, BNIP3L is essential for mitochondrial clearance where mitophagy plays a developmental role. Another such example is allophagy, a process observed in Caenorhabditis elegans embryos, in which sperm-derived paternal mitochondria and their mtDNA are degraded by autophagy. SQSTM1 may function as a receptor for depolarization-induced mitophagy. According to one model, PINK1 accumulates on the outer membrane of depolarized or damaged mitochondria where it recruits PARK2/Parkin, an E3 ubiquitin ligase. PARK2 mediates the ubiquitination of numerous outer mitochondrial membrane proteins, including MFN1 and MFN2. SQSTM1 contains a LIR motif, allowing it to bridge the ligand on the mitochondrial membrane with the autophagy machinery. However, SQSTM1 is not essential for mitophagy, suggesting that other factors may be able to function in its place. Pexophagy Pexophagy, the selective autophagic degradation of peroxisomes, shares certain features with mitophagy in that it can also occur by both macro-and microautophagic mechanisms and is primarily a response to changing nutrients. When fungi are grown on oleic acid or methanol, the peroxisomes proliferate because this organelle contains the enzymes necessary to utilize these carbon sources. When subsequently shifted to glucose or ethanol, the peroxisomes are rapidly and selectively degraded through autophagy. PpAtg30 and Atg36 function as receptors for pexophagy in Pichia pastoris and Saccharoymces cerevisiae, respectively. Reticulophagy The secretory pathway is an essential part of many cells, and massive numbers of newly synthesized proteins transit through all or part of this subcellular route. Due to the high level of protein synthesis associated with the endoplasmic reticulum (ER), there is the potential for problems with protein misfolding. Cells have specific mechanisms for handling routine protein misfolding, including lumenal chaperones, the unfolded protein response, and ER-associated degradation; however, these systems can be overwhelmed if the misfolding load is excessive. In this case, reticulophagy can be triggered. One of the key points with reticulophagy is that degradation of the sequestered cargo is not the key to its role in maintaining cellular homeostasis. Rather, sequestration of a portion of the ER within an autophagosome is sufficient to restore temporary homeostasis, maintaining viability and allowing the cell adequate time to recover from the acute stress. Ribophagy Ribosomes are nonselectively and selectively degraded by autophagy; ribophagy refers to the selective mode of degradation. Nonselective autophagic degradation of ribosomes may serve to keep a proper number of ribosomes in a cell under normal conditions. However, during starvation cells need amino acids and energy. Given the fact that ribosomes account for nearly half of the cellular proteins in a growing cell, cells are able to survive by selective autophagic degradation of ribosomes. This selective degradation is also suggested to rapidly downregulate translation, saving large amounts of amino acids and energy. The ubiquitin-specific protease Ubp3 and its cofactor Bre5 are required for ribophagy. A possible model for this regulation is that ubiquitination of ribosome subunits prevents degradation by selective autophagy; upon starvation, deubiquitination by Ubp3 causes the ribosome to be captured by autophagosomes, leading to its final degradation. In mammals, ribophagy may play a role in the immune response through the production of antimicrobial neopeptides. Xenophagy Xenophagy refers to the selective macroautophagic elimination of invasive microbes. Three receptors, SQSTM1, CALCOCO2/NDP52, and OPTN, have been implicated as receptors in the macroautophagic degradation of bacteria. The interactions of these receptors with both ubiquitinated proteins and LC3 are critical for effective xenophagy.
Viruses can also be selectively degraded by macroautophagy. For example, when the mouse CNS is infected with Sindbis (SIN) virus, SQSTM1 interacts with the SIN capsid proteins and mediates their degradation through macroautophagy, significantly reducing virally induced cell death.
Selective pressure has allowed the evolution of microbial strategies to circumvent the autophagic pathway. For example, the herpes simplex virus type 1 protein ICP34.5 binds BECN1, a component of the class III phosphatidylinositol 3-kinase complex, to block autophagy. Some bacteria induce macroautophagy but block fusion of the autophagosome with the lysosome, establishing a replicative niche within this compartment.
